Neurovascular interactions are essential for proper brain function. While the effect of neural activity on cerebral blood flow has been extensively studied, whether or not neural activity influences vascular patterning remains elusive. Here, we demonstrate that neural activity promotes the formation of vascular networks in the early postnatal mouse barrel cortex. Using a combination of genetics, imaging, and computational tools to allow simultaneous analysis of neuronal and vascular components, we found that vascular density and branching were decreased in the barrel cortex when sensory input was reduced by either a complete deafferentation, a genetic impairment of neurotransmitter release at thalamocortical synapses, or a selective reduction of sensory-related neural activity by whisker plucking. In contrast, enhancement of neural activity by whisker stimulation led to an increase in vascular density and branching. The finding that neural activity is necessary and sufficient to trigger alterations of vascular networks reveals an important feature of neurovascular interactions.
INTRODUCTION
Proper function of precisely wired neural circuits depends on a close physical and functional relationship with a complex and overlapping network of blood vessels Zlokovic, 2010) . The brain is more dependent than any other organ on a continuous supply of oxygen and nutrients from blood vessels, and high metabolic activity correlates with higher vascular density (Riddle et al., 1993) . Nerves, in turn, control blood vessel dilation and contraction, as well as heart rate. To date, neurovascular interactions are best known for their functional matching in hemodynamics, where increased neural activity leads to increased blood flow (Drake and Iadecola, 2007; Hamel, 2006) . However, whether neuronal function and/ or neuronal cytoarchitecture have any impact on vascular network structure remains elusive.
Vascular patterning is critical for the proper function of the brain, given its high metabolic demand and vulnerability to ischemia. During early embryonic development, common guidance cues and receptors are responsible for the basic hard wiring of both networks (Carmeliet and Tessier-Lavigne, 2005; Gelfand et al., 2009 ), and it is well known that after birth neural activity continues to fine-tune neural connectivity (Fu and Zuo, 2011; Katz and Shatz, 1996) . Similar microvascular remodeling continues into early postnatal stages. However, compared to the wealth of literature on neural plasticity, knowledge about vascular plasticity is still very limited. The concept of activityinduced vascular plasticity was first introduced only 20 years ago by reports in rats correlating angiogenesis to sensorimotor experience (Black et al., 1987 (Black et al., , 1990 . Since then, very few additional studies have investigated vascular plasticity due to the lack of proper tools to simultaneously visualize the 3D structure of both neuronal and vascular modules with high resolution, and it has been controversial whether natural/endogenous neural activity has any impact on vascular patterning (Whiteus et al., 2014) .
To address whether neural activity influences vascular structure in the brain, we developed an integrative approach combining mouse genetics, high-resolution 3D imaging, and computational image analysis. We chose the mouse barrel cortex as a model system, where thalamocortical axons (TCAs) organize in a somatotopic sensory map in which one whisker is represented by one barrel (Woolsey, 1978) . In this brain region, the neuronal cytoarchitecture is subject to a high degree of plasticity during a critical time window, and neural activity can easily be manipulated through the whisker pathway (Harris and Woolsey, 1981; Kleinfeld and Deschê nes, 2011; McCasland and Woolsey, 1988; Woolsey and Wann, 1976) . This system thus provides a suitable model to test the role of sensory inputs in shaping vascular networks.
We demonstrate that manipulations of sensory inputs result in vascular structural changes, such that local sensory-related neural activity promotes the formation of cerebrovascular networks. Four different paradigms in which large-scale neuronal cytoarchitecture and neural activity are differentially affected in layer IV were performed: (1) whisker lesions, where both neuronal cytoarchitecture and neural activity are abolished; (2) genetic reduction of thalamocortical neurotransmission where the postsynaptic neuronal cytoarchitecture is abolished and neural activity is reduced; (3) whisker plucking, which selectively reduces neural activity while maintaining the neuronal cytoarchitecture; and (4) whisker stimulation leading to enhancement of neural activity only. Sensory deprivation and stimulation resulted in opposing effects on the vascular structure, even in absence of neuroarchitectural changes, indicating that neural activity is necessary for vascular patterning and that changes in neural activity are sufficient to affect vascular structure. Moreover, neuroarchitectural changes did not produce additional vascular alterations, further demonstrating the significant role of neural activity in regulating the structure of cerebrovascular networks. These findings definitively link neural activity to vascular network formation and therefore reveal a crucial aspect of neurovascular interactions.
RESULTS

A Combination of Genetics, Imaging, and Computational Tools to Study Neurovascular Development and Plasticity in the Mouse Cerebral Cortex
To selectively and simultaneously analyze vascular and neuronal components in layer IV of the barrel cortex, we constructed a compound transgenic mouse in which TCAs are genetically labeled by tdTomato (tdT) expression under the serotonin transporter (Sert) promoter (Sert-Cre:tdT flox-stop-flox ) and in which blood vessels are labeled through GFP expression under the endothelial-specific Tie2 promoter (Tie2-GFP) (Figures 1A and 1B; Figure S1A and S1B available online). With additional immunostaining for neuronal nuclei (NeuN) revealing cortical neurons that are densely packed and form barrel septa delimiting barrel hollows (TCAs), the neuronal cytoarchitecture of barrel cortex layer IV and its underlying vascular bed are easily visualized simultaneously with high resolution. As the brain microvasculature develops and elaborates, its complex 3D structure makes it challenging to detect and quantify fine-scale changes in vascular networks. To overcome this hurdle, we implemented a computational tool that unbiasedly processes 3D confocal images and automatically quantifies parameters of vascular morphology, including vessel density, vessel diameter, and branching patterns (Figures 1C and S1C ; see Experimental Procedures for details). Moreover, immunostaining with anti-GFP greatly improved the detection of the microvascular bed (Figure S1D) . Using this approach, we demonstrate that in layer IV of the barrel cortex, vascular density and branching progressively increase after birth and reach a peak at postnatal day 14 (P14) ( Figure 1D ). Then, from P14 to P30, vascular density and branching decrease ( Figure 1D) . The values obtained with our image analysis, including vessel density and diameter, are in line with recent studies in the mouse cerebral cortex (Ben-Zvi et al., 2014; Blinder et al., 2013; Harb et al., 2013) . The combination of these tools allowed us to ask the fundamental question of whether changes in neuronal cytoarchitecture and/or neural activity lead to structural changes of the brain vasculature.
Developmental Profile of Neuronal and Vascular Organization in Barrel Cortex Layer IV
We first examined neurovascular modules in layer IV of the barrel cortex during an early postnatal stage when neural plasticity is in a critical period. At birth (P0), TCAs are only starting to invade the cortex, and a rudimentary vasculature is already present in the cortical area where future barrels will form (Figure 2) . Between P3 and P5, the vasculature continues to expand while barrel septa (cortical neurons) begin to organize and barrel hollows (TCAs) are hardly noticeable. At P7, barrel hollows and septa become clear, and the vasculature has further expanded ( Figure 2 ).
A Complete Deafferentation by Whisker Follicle
Lesions Abolishes the Neuroarchitecture and Results in a Reduction of Vascular Density and Branching in Layer IV of the Barrel Cortex Since during a critical developmental window (P0 to P5) neuronal circuits undergo massive alteration when neural activity is suppressed Harris and Woolsey, 1981; Woolsey and Wann, 1976) , we hypothesize that neuronal cytoarchitecture and/or neural activity may contribute to the expansion of vascular networks during early life. To test this hypothesis, we first examined the impact of a complete deafferentation on the vasculature in barrel cortex layer IV. When the central row (row c) of whisker follicles is unilaterally lesioned at birth, formation of its cortical representation is impaired, appearing shrunken at P14, with absence of axonal and neuronal patterning and expansion of surrounding rows ( Figures 3A-3D , S2A, and S2B). Importantly, analysis of vascular images ( Figures  S2C and S2D ) revealed a significant reduction of vascular density and branching in layer IV within the contralateral row c compared to the ipsilateral (control) row c ( Figures 3D and 3E ).
In that volume, the total neuronal density ( Figure 3B ) and the local neuronal density around vessels ( Figure 3C) remained unchanged. We then tested whether inflicting a wider lesion by cauterizing three central whisker rows (b, c, and d) could lead to more devastating changes in vascular structure. In this condition, the layer IV neuronal cytoarchitecture appears severely altered in the deafferented row c ''ghost'' volume ( Figure 3D ). The microvascular bed within that volume also displayed reduced vascular density and branching ( Figure 3F) ; however, no additional reduction (percentage of decrease) in these parameters was evidenced compared to a single row lesion (p > 0.05, unpaired t test) ( Figures 3E and 3F ). Together, these results demonstrate that neuronal cytoarchitecture and/or neural activity promote local formation of vascular networks during the critical period of neural plasticity.
Genetic Reduction of Neurotransmitter Release at Thalamocortical Synapses Impairs Postsynaptic Neuroarchitecture and Leads to a Reduction of Vascular Density and Branching in Layer IV of the Barrel Cortex We next sought to dissect the individual contribution of neuronal cytoarchitecture (TCAs and cortical neurons) versus sensoryrelated neural activity to vascular plasticity. Presynaptic Rab3-interacting molecules (RIMs) are active zone molecules involved in the control of neurotransmitter release (Kaeser et al., 2011; Wang et al., 1997) . Previous work demonstrated that postsynaptic layer IV barrels do not form when neurotransmission is reduced selectively at thalamocortical synapses following , 2012) . Therefore, these data demonstrate that reduction of neurotransmitter release at thalamocortical synapses results in both postsynaptic neuronal disorganization and decrease of vascular density and branching in layer IV of the cerebral cortex.
Reduction of Sensory-Related Neural Activity by Whisker Plucking Decreases Vascular Network Formation in Layer IV of the Barrel Cortex
We then aimed to further dissect the contribution of neural activity to vascular network formation. Whisker plucking is a convenient procedure to reduce sensory-related activity in layer Coronal view of GFP-expressing vessels (green), tdT-expressing TCAs (red), and NeuN-immunostained cortical neurons (blue). TCAs (arrowheads) start to invade the cortex around birth, and clustering of TCAs and cortical neurons into barrel hollows (asterisks) and barrel septa (arrows), respectively, becomes clear at P7. To improve detection, sections were stained by anti-GFP and anti-tdT antibodies. Scale bars: 100 mm. IV without inflicting large-scale neuroarchitectural changes (Durham and Woolsey, 1978) . Therefore, we performed early whisker plucking during the critical period for barrel cortex plasticity (P0 to P5) ( Figures 5 and S2A ). Vascular density and branching in the deprived hemisphere exhibited a significant reduction at P14 compared to the ipsilateral hemisphere, while neuronal distribution and density in layer IV were maintained in the deprived hemisphere (Figures 5A-5C and S4A). We then brackets. *p < 0.05; **p < 0.01, one-way ANOVA (including other genotypes shown in Figure S3C ) and Newman-Keuls post hoc test. Scale bars: 250 mm in (A) and 100 mm in (C).
plucked the whiskers after the P0-P5 critical period, between P14 and P21, a period when vascular density and branching normally decrease in WT mice (Figures 5C and S2A) . This late plucking procedure led to a further decrease in vascular density and branching in layer IV of the contralateral hemisphere at P21 and P30 compared to the ipsilateral hemisphere ( Figure 5C ), whereas layer IV cytoarchitecture was preserved in the deprived hemisphere ( Figure S4C ). The reduction in vascular density and branching was specific to layer IV, as it was not evidenced in layer V ( Figure S4D ). Moreover, in both early and late whisker plucking, no change was detected in the distribution of the three main categories of capillaries with different diameters, suggesting a uniform impairment of vascular networks during sensory deprivation ( Figure 5C ). Since large-scale organization of neuronal cytoarchitecture was unchanged following whisker plucking, these data together demonstrate that reduction of sensory-related neural activity is sufficient to reduce vascular density and branching in the barrel cortex.
These results contrast with a recent study that found no reduction in vascular density in the early postnatal murine barrel cortex following whisker plucking (Whiteus et al., 2014) . However, we noticed a major methodological difference in the image analysis between this study and ours. All our analyses have been done in 3D, whereas Whiteus et al. (2014) performed their analyses in 2D. To examine whether this methodological difference contributes to the divergent conclusions, we reanalyzed part of our early plucking data set using 2D methods. Vessel density and branching were quantified on maximal intensity z projections either from the whole z stack volume ( Figure S4B , middle graphs) or from a fixed number of optical sections ( Figure S4B , bottom graphs). Data from this analysis are expressed as vessel length and branch points per mm 2 . In contrast to the 3D analysis, both 2D analyses failed to reveal any significant difference in vascular density and branching. The lower sensitivity of 2D analyses may be explained by a loss of information regarding vessel length in the third z dimension, as well as by the difficulty to count branch points and attribute them to a specific vessel in z projections.
Finally, to test whether the sensory-deprivation-induced reduction of vascular density and branching results from decreased angiogenesis, we assessed endothelial cell (EC) proliferation in vivo using 5-ethynyl-2 0 -deoxyuridine (EdU) incorporation. Following late whisker plucking, the number of proliferating ECs in the deprived hemisphere was significantly reduced compared to the ipsilateral hemisphere, while the number of proliferating non-ECs was unchanged ( Figures 5D and S4E ). Since angiogenesis is reduced following whisker plucking, these data demonstrate that sensory-related neural activity controls local vascular network formation in the early postnatal cerebral cortex.
Enhancement of Sensory Inputs by Whisker Stimulation
Leads to an Increase in Vascular Density and Branching in Layer IV of the Barrel Cortex To complement our sensory deprivation experiments, we performed a sensory enhancement paradigm by whisker stimulation (Figures 6 and S5 ), a procedure widely used to increase neural activity in layer IV of the barrel cortex .
Whisker stimulation for 1 week starting at P14 led to significant increase in vascular density and branching in the contralateral hemisphere compared to the ipsilateral hemisphere at P21 (Figure 6A) . Increased neural activation was evidenced by the increased number of c-Fos-positive nuclei in the stimulated barrel cortex (Figures 6B and S5B) , while large-scale neuronal cytoarchitecture was maintained ( Figure S5C ). These results demonstrate that enhancement of sensory inputs to the barrel cortex increases vascular density and branching.
Reduction of Sensory-Related Neural Activity by Whisker Plucking Has No Impact on Astrocyte Distribution and Density in Layer IV of the Barrel Cortex Since astrocytes have been shown to stimulate angiogenesis in vitro by releasing proangiogenic molecules in response to glutamate (Munzenmaier and Harder, 2000; Pozzi et al., 2005; Zhang and Harder, 2002) , any impairment in the astroglial population might affect its ability to promote angiogenesis. Therefore, we examined the distribution and density of cortical astrocytes in two sensory deprivation paradigms (triple whisker row lesion and whisker plucking). Cerebral cortex astrocytes were labeled for aldehyde dehydrogenase 1 family member L1 (ALDH1L1), an astrocyte-specific marker with pan-astrocyte expression patterns (Cahoy et al., 2008; Molofsky et al., 2012) . ALDH1L1-positive protoplasmic astrocytes were found throughout the brain parenchyma and enriched in layers II-III and IV of the cortex, with typical tubular arrangements corresponding to the lining of blood vessels by their fine processes or ''endfeet'' ( Figures  7A, 7B , and S6). Astrocytes appeared accumulated within barrel hollows ( Figures 7C and 7D ) and in close contact with both TCAs and microvessels ( Figure 7B ). GFAP-positive fibrous astrocytes were found almost exclusively in the white matter, as previously described (Cahoy et al., 2008) (Figure S6 ). Following triple row lesion, both the distribution and cell density of astrocytes in the deprived hemisphere appeared significantly impaired compared to the ipsilateral hemisphere ( Figure 7C ). In contrast, no detectable differences in astrocyte distribution and cell density were found following whisker plucking ( Figure 7D ), a paradigm which also left the neuronal cytoarchitecture intact. These data demonstrate that large-scale organization of the astroglial population was unchanged following whisker plucking. However, it is still possible that astrocytes function to mediate the effects of neural activity on vascular network formation.
DISCUSSION
Our ability to manipulate sensory-related neural activity and to simultaneously examine both neuronal and vascular modules at the same location in barrel cortex layer IV enabled us to demonstrate that ''natural'' neural activity is necessary for vascular patterning and that changes in neural activity are sufficient to trigger alterations in vascular networks. The opposing impact of sensory deprivation and stimulation on vascular structure specifically in barrel cortex layer IV further demonstrates that neural activity normally promotes vascular network formation in this somatosensory pathway.
We demonstrate that changes in sensory-related neural activity are sufficient to control vascular plasticity, since vascular (NeuN, blue) and TCA (tdT, red) distribution across layer IV c3 and c4 barrels (average fluorescence intensity plots; bin size = 10 mm) (see Figure S4A ). Data were also pooled for septa (S) and hollows (H). (B) Organization of TCAs (tdT, red fluoresence) and cortical vessels (GFP, green fluorescence) following early whisker plucking. (C) Early whisker plucking: Whiskers are plucked from P0 to P5, followed by analysis of vascular structure at P7 and P14. Late whisker plucking: Whiskers are plucked from P14 to P21, followed by analysis of vascular structure at P21 and P30 (see Figure S2A ). Histograms are quantifications of changes in vessel density, branching, and diameter within barrel cortex layer IV.
(legend continued on next page) patterning was affected in absence of large-scale neuronal and astroglial cytoarchitectural changes. Indeed, the reduction in sensory-driven inputs following both whisker lesion and whisker plucking led to a decrease in vascular network formation. In addition, the reduction in vascular density and branching is significantly higher following whisker plucking than following a wide whisker lesion (p < 0.05, unpaired t test), suggesting that large-scale neuronal cytoarchitectural changes did not produce additional vascular changes.
How does neural activity change the vascular structure? It is possible that sensory-related neural activity directly affects vascular patterning via the release of glutamate by TCAs or indirectly through pathways that are activated by synaptic transmission involving cortical interneurons and glial cells. It is well known that pyramidal excitatory neurons, inhibitory interneurons, and astrocytes are recruited by the whisker-to-barrel pathway and that in turn they release vasoactive substances that control vascular tone and cerebral blood flow (Cauli and Hamel, 2010; Drake and Iadecola, 2007) . Whether angiogenesis regulators are also released by these neuronal modules upon neural activity changes is yet to be examined. Astrocytes, being in close contact with both neuronal synapses and cerebral microvessels, are well positioned to mediate the effects of neural activity on vascular patterning. Indeed, in addition to their role in the control of blood flow Iadecola and Nedergaard, 2007; Lind et al., 2013) and in the maturation and function of neuronal circuits (Chung et al., 2013; Clarke and Barres, 2013; Eroglu et al., 2009) , astrocytes are accurate sensors of neural activity and respond to glutamate by releasing proangiogenic lipids (epoxy-eicosa-trienoic acids, or EETs) at least as potent as VEGF (Munzenmaier and Harder, 2000; Potente et al., 2003; Pozzi et al., 2005; Zhang and Harder, 2002) . Future studies could investigate the precise mechanisms through which neural activity controls the release of EETs in vivo and their effects on vascular patterning in the brain. Such proangiogenic mechanisms would likely play a role in improving the (D) Assessment of proliferation of endothelial cells (ECs) and non-endothelial cells (non-ECs) by EdU incorporation following late whisker plucking over 10 days (see Figure S4E) . Proliferating endothelial nuclei, that are positive for EdU (red), are indicated by arrows; nonproliferating endothelial nuclei are indicated by arrowheads. Top-left insets are a magnification of the area delimited by dotted squares. Data are mean ± SEM. Numbers of animals are given in brackets. *p < 0.05; **p < 0.01, paired t test (n.s., not significant). Scale bars: 100 mm in (A) and (B) and 20 mm in (D). balance between metabolic demand and energy supply (Blinder et al., 2013; Riddle et al., 1993) .
We demonstrate by a combination of three paradigms of sensory deprivation together with neural activity enhancement that, under physiological conditions, neural activity normally promotes vascular network formation. In contrast, Whiteus et al.
(2014) found a severe reduction of angiogenesis in the motor cortex after treadmill exercise (45 min, three times daily for 5 days) and in the auditory cortex following persistent and repetitive auditory stimulation (over 10 hr daily, from P15 to P25). These hyperactivation paradigms result in widespread inhibition or stimulation in a variety of brain areas. Thus, it is hard to establish a direct physiological link between local neural activity and changes in vascular patterning using these paradigms.
The finding that local neural activity promotes the formation of vascular networks in the cerebral cortex expands our understanding of neurovascular interactions and is relevant in the context of blood-oxygen-level-dependent (BOLD) functional imaging. In light of the reduced vascular bed following sensory deprivation, additional vascular parameters should be taken into consideration to improve accuracy of BOLD functional imaging studies in sensory-deprived brain regions (e.g., in blindness or deafness). Indeed, it has recently been demonstrated that blood flow, the basis of BOLD imaging, is not only not solely controlled by arteriole smooth muscle but also at the capillary level by pericytes (Hall et al., 2014; Hamilton et al., 2010) .
Our results obtained in the early postnatal brain also lead us to hypothesize that sensory stimulation may be beneficial to enhance angiogenesis, a paradigm that could potentially be used to prevent or treat early-life ischemic conditions. Indeed, the brain is vulnerable to ischemia, particularly during critical developmental periods when insults trigger irreversible deficits, leading to syndromes such as cerebral palsy (Reddihough and Collins, 2003) . Mouse models of perinatal stroke (Tsuji et al., 2013; Vexler et al., 2006) could be used to test this possibility, and whisker stimulation has been shown to enhance endothelial cell proliferation in the ischemic adult barrel cortex (Li et al., 2011; Whitaker et al., 2007) .
Finally, our data suggest that the postnatal maturation of brain vascular networks not only relies on genetic programs but is also controlled by environmental stimuli. It will be important to examine whether neural activity plays a role in the control of cerebrovascular patterning in the healthy brain during adulthood, when neuronal structural plasticity is present but limited. 
Manipulations of Sensory Inputs Whisker Lesions
Adapted from previous reports (Datwani et al., 2002; Woolsey and Wann, 1976) , newborn mice (P0) were anesthetized by hypothermia and the central row (c) or the rows b, c, and d of large whiskers were cauterized under a surgical microscope using an electrosurgery unit (ART-E1, Bonart Co., Keelung City, Taiwan). Neonates were then slowly warmed up on a heating pad (33 C, 20 min), returned to their mothers, and euthanized at P7 or P14. The precision and extent of lesions could be verified in the cortex following immunostainings (see below), and mice with imperfect lesions were excluded from the study. Early Whisker Plucking Newborns were anesthetized as above, and all large whiskers were plucked from the right side of the snout by applying a gentle tension to the base of the vibrissae (Brown and Dyck, 2003; Fox, 1992; Kossut, 1985) . Care was taken to prevent damage to the whisker follicle. Neonates were slowly warmed up, returned to their mothers, and euthanized at P7 or P14. In order to maintain sensory deprivation during the critical period for plasticity (P0-P5), vibrissae were checked for regrowth and replucked if necessary until P5. Late Whisker Plucking P14 animals were anesthetized using isoflurane (3% induction, 1.5%-2% maintenance, in 100% oxygen), and all large whiskers were plucked as above.
Mice were returned to their mothers and euthanized at P21 or P30. For assessment of cell proliferation in vivo, all large whiskers were plucked from P14 to P24. Vibrissae were checked for regrowth every other day until sacrifice.
Whisker Stimulation
Adapted from previous studies (Filipkowski et al., 2000; , pups where first habituated to the experimental conditions and were then subjected to daily whisker stimulation for 8 days (P14 to P21). Each day, pups where gently restrained on the top of a plastic cylinder, and their right whiskers were manually stimulated for 15 min (3 to 4 Hz) using a paint brush. In our case, since whisker plucking led to reduction of vascular network density and branching, the contralateral whiskers were left intact. Sham controls were manipulated but not stimulated. Mice were euthanized at P21, 1 hr after the last stimulation.
Immunohistochemistry
For all experiments except in vivo EdU incorporation (see below), mice were euthanized at experimental endpoints by cervical dislocation, and the brain was removed from the skull. For a coronal view of cerebral structures, the whole brain was fixed by immersion in 4% paraformaldehyde (PFA) overnight at 4 C. For a tangential view of cortical layers, the cortex was dissected in ice-cold PBS, flattened between two glass slides, and fixed by immersion in 4% PFA overnight at 4 C. Fixation by immersion allows all brains from each experimental group to be fixed exactly the same way and at the same time, reducing interanimal variability. Fixed brains and flatten cortices were then rinsed in PBS, embedded in 2% agarose in PBS, and cut coronally (whole brain) or tangentially (flatten cortex) into serial, thick sections (50 mm for 2D illustrations; 120 mm for 3D vascular reconstructions) using a vibratome (Leica VT1000S). Sections were blocked with 10% horse serum, permeabilized with 0.2% Triton X-100, and incubated overnight with one or a mixture of the following primary antibodies: rabbit a-GFP (1:1,000; A-11122, Life Technologies), a-DsRed (1:500; 632496, Clontech), a-c-Fos (1:250; sc-52, Santa Cruz Biotechnoloy, Inc), a-ALDH1L1 (1:500; ab87117, Abcam), guinea pig a-NeuN (1:1000; ABN90, EMD Millipore), rat a-PECAM-1 (1:200; 553370, BD PharMingen), and goat a-SERT (1:500; sc-1458, Santa Cruz Biotechnoloy, Inc), followed by species-specific 568/488 Alexa Fluor-conjugated (Invitrogen) or CyÔ5-conjugated (Jackson ImmunoResesarch) secondary antibodies (1:300). Slides were mounted in Fluoromount G (EMS) and visualized by epifluorescence or confocal microscopy. In Vivo Assessment of Cell Proliferation Four mice were subjected to a slightly modified ''late plucking'' paradigm for a 10-day deprivation. All large whiskers were plucked from P14 to P24. To assess cell proliferation in vivo, we used the sensitive method of EdU incorporation. EdU detection only requires fast chemical staining compatible with high-resolution immunohistochemistry (Cappella et al., 2008; Salic and Mitchison, 2008) . Adapted from previous reports (Salic and Mitchison, 2008; Zeng et al., 2010) , mice received EdU injections (100 mg/day, in PBS, intraperitoneally) from P14 to P23 and were euthanized at P24 by transcardial perfusion with 4% PFA under deep anesthesia. Their brain was post-fixed in 4% PFA, cryoprotected in 30% sucrose, and embedded for cryostat sectioning. EdU was detected on 40-mm-thick sections using a Click-iT Alexa Fluor 594 EdU Imaging Kit (C10340, Life Technologies) following manufacturer's protocol. Briefly, slides were washed in 3% BSA in PBS, permeabilized with 0.5% Triton, washed again in 3% BSA-PBS, and then incubated with the Click-iT reaction cocktail. Slides were then washed in 3% BSA-PBS and processed for immunohistochemistry to label vessels (PECAM-1) and nuclei (DAPI). The proportions of proliferating ECs and non-ECs were assessed by manually counting EdU-positive and EdU-negative nuclei in the ipsilateral versus contralateral hemispheres from confocal images (603 oil immersion objective, 13 zoom, 1 mm optical sections) using ImageJ Cell Counter (n = 4, three brain sections per animal, five images per hemisphere on each section).
Image Acquisition
Immunostained sections were examined under a laser scanning confocal microscope (Olympus FluoViewÔ FV1000). For single image illustrations, maximal intensity z projections were obtained from 5 to 10 mm z stacks acquired using either a 43, 103, 203, or 603 objective (1 mm optical sections, 13 zoom). For 3D reconstruction of vascular networks in flattened cortex tangential sections, layer IV of the posteromedial barrel field was located using tdT fluorescence under a 103 objective, and then 50-to 70-mm-deep z stacks (1 mm optical sections, 13 zoom) were acquired for the vascular GFP signal in the core of layer IV using a 203 objective ( Figure S1C ). For temporal characterization of layer IV vasculature ( Figure 1D ), adjacent z stacks covering the width of the barrel field were acquired in the right hemisphere. For whisker lesion experiments (Figure 3 ), one z stack centered over barrel row c was acquired in each brain side: in the control hemisphere (ipsilateral to the lesion) and in the lesioned (contralateral) hemisphere (Figure S2C ). For conditional loss of RIM proteins (Figure 4 ), three adjacent z stacks covering the width of the barrel field were acquired in the right hemisphere from immunostained sections of mutant and littermates control mice. For whisker plucking and stimulation experiments (Figures 5 and 6 ), three adjacent z stacks covering the width of the barrel field were acquired in the control and manipulated hemispheres ( Figure S2D ).
Images and illustrations were processed using ImageJ (NIH), Adobe Photoshop CS6, and Adobe Illustrator CS6.
Computational Analysis of Cortical Vasculature Data Collection
For whisker lesion experiments, the volume of the row c in the intact hemisphere, delimited by boundaries between neuronal septa (NeuN), was considered as the internal control ( Figures 3D and S2C ). In the contralateral hemisphere following single row lesion, layer IV vessels were analyzed within the ''lesioned volume'' ( Figure S2C ), whose borders are defined by neuronal septa (NeuN) from rows b and d. Following triple row lesion, layer IV vessels were analyzed within the row c ''ghost'' volume ( Figure S2C ), which corresponds to a projection of the control row c volume over the mispatterned field in the deprived hemisphere. Dotted lines in Figures 3D and S2C represents either the anatomical borders of controls and lesioned row c or the borders of the projected row c ''ghost'' volume.
All vascular measurements from raw z stack files were analyzed by a person blind to experimental conditions.
Computational Morphometric Analysis of 3D Vascular Images
The algorithms used to process the stacks were implemented in Python 2.7 using the following python modules: Numpy, Scipy, Matplotlib, Opencv2, Igraph, and Scikit-Image.
Step 1: Each image was smoothed in order to reduce noise by using the Gradient Anisotropic Diffusion filter from SimpleITK software (http://www. simpleitk.org/). An adaptive thresholding algorithm (Gonzalez and Woods, 2007 ) with a window size of 100 mm was applied to each image in the z stack. If the intensity of a pixel was greater than the mean intensity of pixels inside the window centered on the concerned pixel, this pixel was classified as belonging to a vessel. The resulting binary image may contain pixels incorrectly classified as vessel pixels. This was corrected by deleting image components smaller than 500 mm 3 (Shapiro and Stockman, 2001) . Background pixels may remain inside vessels (i.e., holes). In order to fill such holes, background components smaller than 100 mm 3 were removed. The final binary image was obtained by doing a closing operation (Dougherty and Lotufo, 2003) with a 6-pixel-wide disk.
Step 2: Skeletonization has been used previously for geometric characterization of biological shapes (Cesar and Costa, 1999; Meng et al., 2008; Rafelski et al., 2012; Viana et al., 2009 ). In the current work, the skeleton of the blood vessels was obtained by a thinning algorithm (Palà gyi and Kuba, 1998) and was then represented as a network. Each pixel having three or more neighbors was classified as a branching point, and pixels having only one neighbor were identified as terminal points. The positions of branching and termination points, as well as all points of the segments, were stored for analysis.
Step 3: Noise and irregularities in vascular structure may generate some spurious short segments. An iterative algorithm was applied to sequentially remove them. Segments smaller than 10 mm were recurrently erased, starting from the endpoints of the skeletons. The length of each segment was then estimated by using a differential estimate of the arc length (Costa and Cesar, 2009) . We also measured the number of branching points in each z stack. Finally, in order to validate the analysis, we created 3D images containing both the original image and the final skeletons and verified that the obtained skeletons were accurately representing the original blood vessel structure.
Step 4: For vessel radius estimation, each skeleton segment was linearly interpolated and smoothed. Each point of the transformed segment was associated to a plane that is perpendicular to the segment, passing through the point. This plane was used to find the cross-section of the binary vessel image at the point. The area A of the cross-section defines the equivalent radius of the blood vessel at the point trough the formula r = ffiffiffiffiffiffiffiffiffi A=p p , which is the radius of a disk of area A. We eliminate points that are closer than 3 mm to a termination or branching of the segment. Finally, the median of the radius calculated on the remaining points was associated to the whole segment.
Computational Morphometric Analysis of 2D Vascular Images
Two analyses were done in the early plucking data set (three randomly chosen animals) to quantify vessel density and branching in 2D. These two analyses differ one another on the number of z stack planes used to create the 2D image. In the first one, we used the whole z stack volume for the 2D z projection. In the second, we first extracted a region of interest (ROI) from the z stacks. This region was centered in the middle of the z stack and was 15 mm deep. For both analyses, the respective 2D image was obtained by doing a maximum intensity z projection of the extracted region. The algorithm to characterize the 2D images was similar to that used for 3D images, with the only difference being the binarization procedure, which is described in step 1 of the previous section. For the 2D analysis, we used a window size of 220 mm for the adaptive thresholding, and components smaller than 100 mm 3 were removed.
Estimation of Neuronal Density and Its Relationship to Vessels in 3D
The 3D NeuN-positive neuronal nuclei images were first smoothed using a Gaussian filter. Then, an adaptive threshold with a window size of 100 mm was applied to each plane of the z stack. Components smaller than 150 mm 3 were removed. Nuclei that were merged into a single component were separated by detecting their respective centers, which was done by using the distance transform (Costa and Cesar, 2009 ). The result of this procedure is a new image containing the centroid of each neuronal nucleus. The neuronal density was estimated using the binary blood vessel image and the centroids found in the previous step. The binary image was used as a reference to define shells around the blood vessels, each shell containing all image points with distance larger than x and smaller than x + Dx from the border of the binary blood vessel structure. The neuronal density for the shell was then calculated as the number of neuron centroids inside the shell divided by the shell volume. The width of the shell was set as Dx = 2.5 mm (Travenç olo et al., 2007) .
Cell Counting and Average Intensity Plots
Quantifications were adapted from previous reports (Mangin et al., 2012; Narboux-Nê me et al., 2012) .
Confocal images (203 objective, 1 mm optical sections, 13 zoom) and maximal intensity z projections (five optical sections) were used for quantification. Using the Cell Counter plugin of ImageJ (NIH), we obtained the number of neurons by counting NeuN-positive nuclei and the number of astrocytes by counting the number of ALDH1L1-positive soma colocalizing with DAPI nuclear staining in the ROI (e.g., barrel row, barrel hollow, or barrel septa). All quantifications were done on a ROI that includes both row c barrels c3 and c4 that display similar size. The interbarrel ''septal'' area was defined using tdT-positive TCAs as the total area of ROI minus the sum of tdT-positive clusters. Densities were obtained by dividing the number of cells by the area of the ROI (mean of c3 and c4 barrels for neurons, whole-row c and row c ghost for astrocytes).
Average intensity plots were done using the Plot Profile function in ImageJ (NIH). We either show average image profile plots in which intensity value of several adjacent pixels are averaged (10 mm per bin) or average profile plots profiles where values from septa and hollows are pooled.
Statistical Methods
Vascular morphological features obtained blindly from the computational analysis were regrouped and averaged for each animal to obtain an individual value (score). Scores obtained for each parameter for each animal were then averaged within experimental groups. Statistical analyses were performed using Prism4 (GraphPad Software). Multiple group comparisons were analyzed using a one-way ANOVA followed by a Newman-Keuls post hoc test. Two group comparisons were analyzed using paired or unpaired Student's t test. Data reported are mean ± SEM. p < 0.05 was considered statistically significant.
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